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Hydrate Stabilization in the Three-Dimensional Hydrogen-Bonded 
Structure of the Brucinium Compound, Bis(2,3-dimethoxy-10-
oxostrychnidinium) Biphenyl-4,4'-disulfonate Hexahydrate 
 
by Graham Smith, Urs D. Wermuth  and  David J. Young  
 
----------------------------------------------------------------------------------------- 
The crystal structure determination of the 2:1 proton-transfer brucinium 
compound, bis(2,3-dimethoxy-10-oxostrychnidinium) biphenyl-4,4'-disulfonate 
hexahydrate shows the presence of  two independent brucinium cations which 
form into semi-associated sheet substructures. The disulfonate dianions and the 
associated water molecules of solvation occupy the interstitial cavities between 
the brucinium substructures with which they are hydrogen-bonded, giving a 
three-dimensional framework structure. 
-------------------------------------------------------------------------------------------- 
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Abstract 
The crystal structure of the 2:1 proton-transfer compound of brucine with 
biphenyl-4,4’-disulfonate, bis(2,3-dimethoxy-10-oxostrychnidinium) biphenyl-
4,4'-disulfonate hexahydrate (1) has been determined at 173 K. Crystals are 
monoclinic, space group P21 with Z = 2 in a cell with a = 8.0314(2), b = 
29.3062(9), c = 12.2625(3) Å, β = 101.331(2)o. The crystallographic 
asymmetric unit comprises two brucinium cations, a biphenyl-4,4'-disulfonate  
dianion and six water molecules of solvation. The brucinium cations form a 
variant of the common undulating and overlapping head-to-tail sheet sub-
structure. The sulfonate dianions are also linked head-to-tail by hydrogen bonds  
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into parallel zig-zag chains through clusters of six water molecules of which 
five are inter-associated, featuring conjoint cyclic eight-membered hydrogen-
bonded rings [graph sets R33(8) and R34(8)], comprising four of the water 
molecules and closed by sulfonate O-acceptors. These chain structures occupy 
the cavities between the brucinium cation sheets and are linked to them 
peripherally through both brucine N+-H...Osulfonate and Ocarbonyl…H-Owater  to 
sulfonate O bridging hydrogen bonds, forming an overall three-dimensional 
framework structure. This structure determination confirms the importance of 
water in the stabilization of certain brucine compounds which have inherent 
crystal instability. 
 
Key Words: Brucine . Biphenyl-4,4'-disulfonate dianions . Proton-transfer 
compounds . Crystal structure . Hydrogen bonding.  
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bis(brucinium) biphenyl-4,4'-disulfonate hexahydrate 
 
 5
 
Hydrate Stabilization in the Structure of the Two-Dimensional Hydrogen-
Bonded Proton-Transfer Brucine Compound, Bis(2,3-dimethoxy-10-
oxostrychnidinium) Biphenyl-4,4'-disulfonate Hexahydrate 
 
by Graham Smith, Urs D. Wermuth  and  David J. Young  
----------------------------------------------------------------------------------------- 
Introduction. 
 
The Strychnos alkaloids strychnine (strychnidin-10-one) and brucine (2,3-
dimethoxystrychnidin-10-one) exhibit almost identical physiochemical and  
physiological properties (e.g. pKa1 6.0; pKa2 11.7 and toxicity) [1]. 
  
INSERT 1   Schematic of strychnine and brucine (BPDSBRU1.eps) 
                      strychnine                   brucine              
Both compounds readily undergo monoprotonation by even moderately strong 
organic acids and because the absolute configuration of the particularly robust 
strychnidine cage structure is known [2], these salts have been used for the 
resolution of racemic compounds or the determination of absolute configuration 
of chiral compounds. Early examples of a structurally characterized chiral 
compound (alanine) was that of the strychninium salt of the Fischer-type N-
benzoyl-protected L-alanine as well as the brucinium salt of the D-enantiomer 
[3]. Formation of crystalline strychnine or brucine compounds is not restricted 
to chiral acids, since both achiral acids, particularly the aromatic analogs, e.g. 
benzoic acid (a trihydrate) [4], 4-nitrobenzoic acid (both a dihydrate and a 
methanol solvate) [5], 5-nitrosalicylic acid, 3,5-dinitrosalicylic acid (both 
anhydrous) and 5-sulfosalicylic acid (a trihydrate) [6], 3-nitrophthalic acid (a 
dihydrate) [7] and 4,5-dichlorophthalic acid (anhydrous) [8], as well as neutral 
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organic molecules, including solvents, e.g. the pseudopolymorphic solvates 
brucine . n(solvent): with H2O (n = 2) [9]; (n = 4) [10]; (n = 5.25) [10], with 
water/ethanol (n = 2/1) [11], water/2-propanol (n = 2/1) [12], and acetone (n = 
1) [12], have been structurally characterized. However, the formation of stable 
crystalline compounds or adducts with either strychnine or brucine is largely a 
hit-or-miss process as may be seen in their recommended suitability for use as 
resolving reagents [13]. However, in this capacity, it should also be noted that 
of the two, brucine has proved to be far more effective. This is considered to be 
attributable to the molecular recognition characteristics peculiar to brucine [3, 6, 
11, 12, 14, 15]. It has been found that the brucine molecules usually form semi-
associated head-to-tail associations with partial overlap, giving undulating sheet 
substructures. The compatible guest molecules occupy the interstitial cavities 
between the sheets and are usually hydrogen-bonded to them via the N and O 
acceptor sites of brucine, or in the case of the brucinium salts, through N+-H as 
a donor group. Because of the size of these structural voids, many guest 
molecules are accompanied by solvent molecules especially if they are protic, 
e.g. water. As a consequence, crystal stability may suffer with solvent lability, 
requiring conditions such as low temperature and rapid X-ray data acquisition 
techniques. Examples of such unstable compounds include brucine . 5.25H2O 
[10], brucinium L-malate . 5H2O [16], brucinium L-glycerate . 4.75 hydrate 
[17],  brucinium 3,5-dinitrobenzoate (three solvates) [18],  and brucinium 
dihydrogen citrate . 3H2O [19].  
 
In our work on hydrogen-bonding in proton-transfer compounds of achiral 
aromatic acids with brucine, we obtained large well-formed crystals from the 
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2:1 stoichiometric reaction of brucine with biphenyl-4,4'-disulfonic acid [1] in 
50% ethanol-water, which was of particular interest since this acid also 
possesses properties that make it notable as a co-host molecule for cooperative 
guest recognition, e.g. as a bis(guanidinium) salt in clathrate formation with 
numerous aromatic monocyclic and polycyclic hydrocarbons [20 - 22]. The 
compound reported here, bis(brucinium) biphenyl-4,4'-disulfonate hexahydrate 
(1), rapidly deteriorated in air due to efflorescence, necessitating the acquisition 
of diffraction data at low temperature (173 K) with the crystal specimen 
immersed in a silicone oil drop.  
 
INSERT 2:  Schematic of COMPOUND 1:  BPDSBRU2.EPS 
                 brucinium 4,4’-disulfonate hexahydrate 
 
Results and Discussion.  
The structure of 1 shows the presence of two independent brucinium cations 
(molecules A and B), the biphenyl-4,4'-disulfonate dianion and six water 
molecules of solvation (O1W-O6W) in the asymmetric unit  (Figs. 1, 2).  
 
INSERT  3:   Figure 1 and Figure 2  (ORTEP plots with atom numbering 
schemes for brucine molecule A plus BPDS plus water molecules (Fig.1) 
[BPDSBRU1.TIF] and brucine molecule B (Fig. 2) [BPDSBRU2.TIF]              
 
Protonation has occurred as expected at N19 of the brucine cage in each 
molecule, the invoked Peerdeman absolute configuration [2] giving the overall 
Cahn-Ingold stereochemistry of the cation molecules as C7(S), C8(S), C12(S), 
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C13(R), C14(R), C16(S), N19(S). These cations form into the previously 
described undulating sheet host substructures [3, 6, 11, 12, 14, 15] which extend 
through the crystal down the [a0c] plane in the unit cell (Figs. 3, 4) with the 
biphenyl-4,4'-disulfonate dianions and the water molecules accommodated in  
the interstitial cavities between the sheets with which they associate via 
hydrogen bonds (Table 2).  
 
INSERT  4:   Figure 3 and Figure 4  Packing diagrams of 1 
[BPDSBRU3.TIF] (Fig. 3) and [BPDSBRU4.TIF] (Fig. 4)             
 
The sulfonate dianions are linked head-to-tail by hydrogen bonds into zig-zag 
chains through clusters of five water molecules which are inter-associated (Fig. 
5). Within the clusters are conjoint cyclic eight-membered hydrogen-bonded 
rings, one involving O1W, O6W and two sulfonate O acceptors (O41iii, O42iii) 
[graph set R33(8)], the other O3W, O5W, O6W and one sulfonate O acceptor 
(O41iii) [graph set R34(8)] (Fig. 5).  One of these water molecules (O3W) as well 
as the sixth water (O4W) provide cross links to the sheet substructure through 
hydrogen bonds with brucinium carbonyl O acceptors [O25A,iv 2.847(3) Å and 
O25B,v  2.869(4) Å respectively]. For symmetry codes, see Table 2.  
 
INSERT  5:   Figure 5 The BPDS molecule plus the associated water 
molecules in the interstitial cavities [BPDSBRU5.TIF]  
 
Cross links between sheets are also provided through the protonated N19 groups 
of both cations giving hydrogen-bonding interactions with sulfonate O acceptors 
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[N19A-H...O412, 2.770(4) Å and N19B-H...O42ii , 2.759(3) Å]. However, the 
molecules within the brucinium host structures do not give the true 21 screw 
axial molecular propagation (the ‘parallel mode’ [14]), found in the monoclinic 
(space group P21) examples which with the orthorhombic (P212121) examples 
constitute the large majority of crystal structure types in this series. In these 
examples, there is a basic structural repeat of ca. 12.5 Å [6, 14], which is 
invariably the unit cell b dimension. Instead, in 1 there is a pseudo-21 molecule 
propogation (the ‘antiparallel’ mode) along the c axis [c = 12.2625(3) Å] in the 
substructure, which is similar to that found in the brucinium L-glycerate . 4.75 
hydrate structure [17].  
Additional peripheral hydrogen-bonding interactions result in a three-
dimensional structure. Within the biphenyl-4,4'-disulfonate dianion the two 
aromatic rings are significantly rotated out of a common plane [torsion angle 
C2-C1-C11-C21, -148.1(3)o]. 
Conclusion 
The structure reported here provides a further example of the selectivity of 
brucine for specific guest molecules which are accommodated in the interstitial 
regions of the characteristic brucine sheet substructure. Furthermore, the 
importance of water molecules of solvation as both donors and acceptors in 
hydrogen-bonding interactions as well as acting in a space-filling capacity in the 
stabilization of certain brucine compounds having inherent crystal instability, is 
emphasized. 
Experimental 
 
The title compound 1 was synthesized by heating together under reflux for 10 
min,1 mmol quantities of brucine tetrahydrate and biphenyl-4,4'-disulfonic acid 
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in 50 mL of 50% ethanol-water. After concentration to ca. 30 mL, partial room 
temperature evaporation of the hot-filtered solution gave large colourless crystal 
plates which rapidly effloresced in air. This physical instability necessitated the 
collection of diffraction data at low temperature (170 K) with the crystal 
immersed in a drop of silicone oil. (m.pt. of the air dried material, 262o C, with 
decomposition). 
Crystallography.  
X-ray diffraction data for 1 were obtained at 173(2) K on an Oxford Diffraction 
Gemini S Ultra CCD-detector diffractometer by using crystal monochromatized 
Mo Kα radiation (λ = 0.71073 Å). Data collection and reduction was achieved 
using CrysAlis CCD [23] and CrysAlis RED [23] and was corrected for 
absorption [24]. The structure were solved by direct methods using SIR-92 [25] 
and refined with anisotropic thermal parameters for all non-hydrogen atoms 
using SHELXL97 [26], operating within WinGX [27]. Hydrogen atoms 
potentially involved in hydrogen-bonding interactions were located by 
difference methods and their positional and isotropic thermal displacement 
parameters were refined but were fixed in the final cycles. Other H atoms were 
included in the refinement at calculated positions [C-H (aromatic) = 0.93 Å and 
C-H (aliphatic) = 0.97 Å] and treated as riding atoms. The known absolute 
configuration for the parent strychnidinium-10-one molecule [2] was invoked 
and was confirmed in the structure determination [absolute structure parameter 
[28], 0.01(6) for 6140 Friedel pairs]. There is unusually high thermal motion in 
a portion of the brucine A cation cage (particularly atoms C20A-C23A) which 
is completely uncharacteristic of this very rigid molecular unit, particularly 
considering the low temperature employed in the experiment. General 
crystallographic details are given in Table 1. The atom numbering scheme 
employed for the two brucinium cation species in the asymmetric unit (A and B) 
 11
and the biphenyl-4,4’-disulfonate dianion are shown in Fig. 1. Hydrogen-
bonding associations in the chain structure are given in Table 2. 
Supplementary material 
 
CCDC  749448 contains supplementary crystallographic data for this paper. 
These data can be obtained free of charge via www.ccdc.cam.ac.uk/data 
request/cif by e-mailing datarequest@ccdc.cam.ac.uk, or contacting The 
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 
1EZ. 
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Table 1. Crystal data for compound 1. 
 
Compound                 1
CCDC reference 749448 
Molecular formula C58H74N4O20S2 
Melting point (oC) 262(dec.) 
Mr 1211.73 
Temperature (K) 173(2) 
Wavelength (λ) 0.71073 
Crystal system monoclinic 
Space group P21 
a (Å) 8.0314(2) 
b (Å) 29.3062(9) 
c (Å) 12.2625(3) 
β (o) 101.331(3) 
V (Å3) 2829.97(13) 
Z 2 
Dc (g cm-3) 1.422 
μ (mm-1) 0.177 
F(000) 1284 
Instrument Oxford Diffraction 
Gemini S CCD-detector 
diffractometer 
Reflections total, θmax (o) 30,508, 27.5 
Crystal size (mm) 0.50 x 0.50 x 0.40  
Collection range: 
h 
k 
l 
 
 -10 to 10 
 -38 to 38 
 -15 to 15 
Reflections (independent) 12,782 
Reflections [F2>2 σ(F2)] 8,931 
Transmission factors 
(max/min) 
0.95/0.84 
Rint 0.032 
R1a [F2>2σ(F2)] 0.049 
wR2a (all data) 0.122 
S a 0.959 
Flack param./Friedel pairs 0.01(6), 6140 
np 769 
Residuals: Δmax./min (eÅ-3) 0.803/-0.537 
 
 a R1 = (Σ |Fo| – |Fc| )/ Σ |Fo|);  wR2 = {Σ [w(Fo2 – Fc2)2] / Σ [w(Fo2)2]}½ ;  S  = 
{Σ [w(Fo2 – Fc2)2] / (n-p)}½. 
 
 15
 
Table 2. Hydrogen-bonding interactions (Å/o.) for 1 
 
D-H…A D-H H…A D…A  DH..A 
N19A-H19A…O412 0.96(5) 1.82(5) 2.770(4) 171(4) 
N19B-H19B…O42i 0.80(3) 1.99(4) 2.759(3) 160(3) 
O1W-H11W…O412ii 0.94 1.91 2.847(3) 178 
O1W-H12W…O42iii 0.92 1.86 2.874(5) 176 
O2W-H21W…O413 0.85 2.05 2.899(6) 178 
O2W-H22W…O5W 0.90 1.86 2.757(5) 179 
O3W-H31W…O25Aiv 0.90 1.99 2.847(3) 178 
O3W-H32W…O41iii 0.90 1.86 2.874(5) 179 
O4W-H41W…O25Bv 1.00 1.88 2.869(4) 166 
O4W-H42W…O413 0.83 2.42 3.221(5) 162 
O5W-H51W…O3W 0.95 1.83 2.722(5) 155 
O5W-H52W…O6W 0.97 2.31 3.211(6) 155 
O6W-H61W…O1W 0.87 2.22 3.081(6) 178 
O6W-H62W…O41iii 0.90 2.04 2.942(6) 178 
 
Symmetry codes: (i)   -x + 3, y  - 1/2, -z + 2;  (ii)   x - 1,  y,  z;  
(iii)  x - 2,  y,  z - 1; (iv)  -x + 1, y  + 1/2, -z + 1; (v)  x - 1,  y,  z + 1.  
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Figures 
 
Figure 1. Molecular configuration and atom numbering scheme for one of the 
brucinium cations (A), the biphenyl-4,4'-disulfonate dianion and the six water 
molecules of solvation [O1W-O6W] in the asymmetric unit of 1. Non-hydrogen 
atoms are shown as 40% probability displacement ellipsoids [29], with inter-
species hydrogen bonds shown as dashed lines. 
 
Figure 2. Molecular configuration and atom numbering scheme for the second 
 brucinium cation (B) (40% probability). 
 
Figure 3. A view of the undulating brucine substructures and interstitial 
biphenyl-4,4'-disulfonate-water chains extending down the c axial direction 
in the unit cell. Hydrogen-bonding associations are shown as broken lines. 
Non-interactive H atoms are omitted. For symmetry codes see Table 2. 
 
Figure 4. Another view of the three-dimensional framework structure in 1 
looking down the brucine substructure sheets. Non-interactive H atoms are 
omitted. 
 
Figure 5. Hydrogen-bond makeup of the interstitial sulfonate-water chains 
showing the bridging water clusters and peripheral links to the brucine 
sheets.   
 
 
 
